The nuclear magnetic resonance (NMR) solution structure of an N-terminally truncated mutant Antennapedia homeodomain, des(1-6)Antp(C39S), has been determined from 935 nuclear Overhauser effect upper distance constraints and 148 dihedral angle constraints by using the programs DIANA and OPAL. Twenty conformers representing the solution structure of des(1-6)Antp(C39S) have an average root-mean-square distance relative to the mean coordinates of 0.56 A for the backbone atoms of residues 8-59.
Homeotic genes are master control genes that regulate the development of eukaryotic organisms (for reviews, see refs. 1 and 2). They share a conserved DNA segment, the homeobox, and encode gene regulatory proteins that control the transcription of large sets of target genes. The homeobox encodes the homeodomain, which is the DNA-binding domain of the usually much larger homeotic proteins. Structure determinations of the DNA complexes of Antp (3) (4) (5) , engrailed (6) , and Matcv2 (7) revealed that three regions of the homeodomains are primarily involved in direct DNA contacts-i.e., the N-terminal hexapeptide, the loop at the start of the helix preceding the turn of the helix-turn-helix motif, and the recognition helix. This paper describes a systematic attempt at evaluating the relative importance of the three contacting regions of the homeodomain for the stability and specificity of DNA binding and recognition.
In the NMR solution structure of a DNA complex of the Antp homeodomain (3) , the N-terminal polypeptide segment 0-6, which is flexibly disordered in the free homeodomain (8, 9) , makes contacts with the DNA in the minor groove, and this structural feature was subsequently also found in the crystal structures of two DNA complexes with the homologous homeodomains engrailed (6) and Mata2 (7) . Deletion of the N-terminal hexapeptide in a mutant fushi tarazu (ftz) homeodomain, des(J-6)ftz, resulted in an increase of the equilibrium dissociation constant for DNA binding (10) . In the present paper, we prepared a mutant Antp homeodomain with residues 1-6 deleted and Cys-39 replaced by Ser, des(1-6)Antp(C39S), measured its DNA-binding affinity, determined the NMR solution structure, and compared these results with the corresponding data on the intact mutant Antp(C39S) homeodomain. [Antp(C39S) is a 68-residue polypeptide from the Antp protein, with Met at position 0, the Antp homeodomain sequence at positions 1-60 except that Cys-39 is replaced by Ser, and 7 additional residues of the Antp protein at positions 61-68.]
MATERIALS AND METHODS Construction of the Antp Homeodomain Expression Plasmid pAop2CS-des (1) (2) (3) (4) (5) (6) . The N-terminal deletions in the Antp homeodomain were achieved by insertion of mutant oligonucleotides into the previously constructed plasmid pAop2CS (11, 12) . The oligonucleotides 5'-TATGACGTA-CACCCGGTAC-3' and 5'-CGGCTGTACGTAC-3' were annealed and cloned into the corresponding Nde I and Kpn I sites of pAop2CS, from which the natural Nde I/Kpn I insert had previously been removed. The sequence of the new plasmid, pAop2CS-des(1-6), was confirmed by DNA sequencing using the dideoxynucleotide chain-terminator method (13) .
Expression and Purification of des(1-6)Antp(C39S). The des(1-6)Antp(C39S) polypeptide was expressed in Escherichia coli BL21(DE3) Lys E using a T7 expression vector (14) (18) . Amide proton exchange rates were determined from the time course of the signal intensity measured with the program EASY (19) in a series of NOESY spectra recorded after dissolving the lyophilized protein in 2H20 with a mixing time of 100 ms and a recording time of 3 h. Values for 3JHNa were extracted by inverse Fourier transformation of in-phase multiplets from the same NOESY spectrum in H20 that was used to collect the NOE upper distance constraints (20) , and 3Ja values were measured using two-dimensional exclusive correlated spectroscopy (21) in 2H20.
Determination of the Three-Dimensional Strucre. The same strategy as for the structure determination of the intact Antp(C39S) homeodomain (12) was used, except that in the structure calculations with the program DIANA (22) one redundant dihedral angle constraints (REDAC) cycle was used for improved convergence (23) . Energy minimization was performed with the program OPAL (P. Luginbdhl, P. Guntert, M. Billeter, and K.W., unpublished data), which uses the AMBER force field (24) supplemented with previously described pseudoenergy terms for distance constraints and dihedral angle constraints (25) .
RESULTS 'H NMR AI
ts and Structure 1$etermnato. Sequence-specific 11 NMR assignments for des(1-6)Antp(C39S) were obtained with homonuclear two-dimensional NMR, following the usual strategy for small proteins (26) (27) (28) . The total correlated spectroscopy and NOESY cross peak patterns of des(1-6)Antp(C39S) and the intact Antp(C39S) homeodomain Stereospecific assignments for 36 nondegenerate proton pairs of f3CH2, yCH2, and WCH2 groups, and for 4 pairs ofisopropyl methyl groups were determined with the programs HABAS and GLOMSA (12, 22) . For all 6 side-chain amide groups of Gln and Asn, and for 2 v1NH2 groups of Arg, individual assignments were determined from the relative intensity of NOEs to )CH2, 3CH2, or eNH, respectively.
In the final DIANA calculations with 50 randomized starting structures, the best 20 conformers had residual values of the DIANA target function in the range 0.59-1.44 A2 (Table 2 ).
Restrained energy minimization with the program OPAL yielded a low-energy conformation with further reduced maximum constraint violations and only a small increase of the sum of constraint violations ( Table 2 ). The pairwise RMSD values of the 20 conformers relative to their means before and after energy minimization were virtually unchanged ( Table 2 ). The value of 0.50 ± 0.08 A for the average RMSD calculated for the backbone atoms N, Co, and C' of residues 8-56 is representative of a high-quality structure determination.
The NMR Structure of des(1-6)Antp(C39S) and Comparison with the Intact Antp(C39S) Homeodomain. The structure of des(1-6)Antp(C39S) (Fig. 1 ) includes helix I with residues N Cow~~~~~~~~~.m 10-21, helix II with residues 28-38, and helix III with residues 42-52 and an extension by a more flexible helix IV containing residues 53-59. There is also a characteristic loop of residues 22-27 between helix I and helix II and a turn of residues 39-41 linking helices II and III. The visual impression of close coincidence between des(1-6)Antp(C39S) and Antp(C39S) (Fig. 2) is confirmed by the RMSD value of 0.86 A calculated for the backbone atoms N, Ca, and C' of residues 8-59 of the two mean structures. In both proteins, the C-terminal peptide segment 60-67 is flexibly disordered. In des(1-6)Antp(C39S) (Fig. 1) , the helical secondary structures plus the 20 best-defined side chains (see Table 2 ) form the same globular core as in the intact Antp(C39S) homeodomain (12) .
Close similarity between des(1-6)Antp(C39S) and the intact Antp(C39S) homeodomain is also supported by the fact that the amide proton exchange data are identical within the accuracy of the measurements (Fig. 3) , but the chemical shifts (Table 1 ) and the hydrogen bonding networks in the two proteins indicate that there are nonetheless some localized differences near the turn between helices II and III and near the C-terminal end of helix IV. Although the two proteins contain otherwise identical hydrogen bonds (Table 3) , the truncated homeodomain contains a hydrogen bond Arg-43 (NH)-Thr-41 (C'=O) in place of the hydrogen bond Ile-45 (NH)-Thr41 (C'=O) observed in Antp(C39S), but Ile-45 NH rather than Arg-43 NH shows slow exchange with the solvent (Fig. 3 ). An additional hydrogen bond Ser-39 (yOH)-Leu-38 (C'=O) in the truncated protein has no counterpart in Antp(C39S) ( Table 3 ). The different hydrogen bonds implicated for the turn can be accommodated in very similar structures, since the mean atom coordinates for the intact homeodomain are well within the group of 20 conformers for des(1-6)Antp(C39S) (Fig. 2) . The different hydrogen bonds with residues 58-60 appear to be associated with a slightly   FIG. 2 . Stereoview of a superposition of the polypeptide backbone of residues 8-59 of the 20 energy-refined des(1-6)Antp(C39S) conformers (thin lines) and the mean structure of the energy-refined Antp(C39S) homeodomain structure (thick line). The backbone atoms N, Ca, and C' of residues 8-56 were superimposed for minimum RMSD. N and C identify positions of residues 8 and 59, respectively. different orientation of the last turn of the helix ( preceding and following the homeodomain in the Antp protein at positions -13 to -1 and 61-67, respectively, and Met at position -14.] Saturation experiments were used in which a fixed amount of polypeptide was incubated with increasing amounts ofthe oligodeoxynucleotide BS2-24 (15) . Since in our experience the absolute values of such measurements show relatively large variations between different experiments, we added all three polypeptides to the same reaction mixture, so that the complex formation and complex stabilities could be directly compared. Fig. 4 shows that Antp(C39S) has the lowest Kd, followed by Antp(YPWM) and des(1-6)Antp(C39S). The absolute Kd values at 200( in three independent experiments were calculated to be 2.3±0.5 x 10-9 M for the intact Antp(C39S) homeodomain, 2.1 ± 0.5 x 10-8 M for des(1-6)Antp(C39S), and 1.0 ± 0.1 x 10-8 M for Antp(YPWM).
DISCUSSION
Prokaryotic repressors with a helix-turn-helix motif make most of their DNA contacts with the recognition helix in the major groove (32) . In addition, the A repressor has an extended N-terminal arm, which also makes critical DNA contacts, but these are again confined to the major groove. In contrast, the N-terminal arm of the homeodomain makes critical contacts in the minor groove of the DNA, which is more similar to the binding mode proposed for the hin recombinase (33) . The importance of the N-terminal arm is underlined by recent genetic experiments that indicate that the functional specificity of two very similar homeodomains, those of Antp and Sex combs reduced (Scr), resides in the N-terminal segment (34, 35) . By exchanging residues 1, 4, 6, and 7, which distinguish Scr from Antp, the functional specificity of the protein can be changed from that of Scr to that of Antp. Whether this effect is due to differences in DNA binding between the two proteins and/or selective interactions with other transcription factors is not known.
Although one could imagine that the N-terminal arm might be involved in the folding of the homeodomain core, thus assuming an intramolecular chaperone function, the present structure determination of des(1-6)Antp(C39S) indicates that the deletion of the flexible N-terminal hexapeptide does not noticeably affect the static and dynamic properties of the molecular structure of the homeodomain. In particular, there is no detectable effect on the immediately adjacent helix I from residues 10-21, indicating that the core homeodomain folds autonomously and that the arbitrarily generated ends of the polypeptide chain do not necessarily become disordered upon truncation of the chain.
Since the present work has shown that des(1-6)Antp(C39S) and Antp(C39S) have virtually identical three-dimensional structures, the observed 10-fold reduction ofthe DNA binding constant for des(1-6)Antp(C39S) can now be attributed to the absence of the flexible N-terminal arm of residues 1-6. On the level of the homeodomain-DNA interaction there appears to be no straightforward explanation for the reduced affinity of the elongated Antp(YPWM) homeodomain, which leads one to speculate that in vivo the highly conserved YPWM motif might be essential for selective interactions with other transcription factors.
